Aim: Previous studies suggest that circulating tumor cells (CTC) are present at very low frequencies in blood of pancreatic cancer (PC) patients. However, no technique has proven efficient for their detection, in part due to the lack of accurate tumor markers. Here, we evaluated the potential utility of two marker candidates -Mucin 16 (MUC16) and Tetraspanin 1 (TSPAN1) -identified through a detailed review of the literature.
INTRODUCTION
Pancreatic ductal adenocarcinoma (PDAC) represents ~3% of all newly-diagnosed cancer patients [1] (10.5 cases per 100,000/year in the EU). Despite this, it represents the fourth cause of death in the western world due to its very poor prognosis, with a five-year survival rate of 5% [2] [3] [4] [5] , mainly caused by delayed diagnosis and resistance to conventional therapy. Therefore, early diagnosis of PDAC is key to improving the outcome of this poor prognosis cancer type. Currently, diagnosis of PDAC is primarily triggered by unspecific symptoms/signs of pancreatic disease that emerge at relatively advanced disease stages, followed by lowsensitive imaging techniques and histopathology of suspicious lesions [6] . The potential utility of serum biomarkers such as carbohydrate antigen 19-9 (CA19-9) for the diagnostic screening of PDAC has been extensively evaluated. However, these markers (e.g., CA19-9) lack sensitivity and specificity for early PDAC detection with a significant percentage of both false negative and false positive results. Thus, current use of serum biomarkers such as CA19-9 is restricted to monitoring response to therapy among patients who presented with elevated levels at diagnosis. Similarly, different combinations of CA19-9 with multiple other serum biomarkers [ e.g., laminin subunit gamma 2 (LAMC2), carcinoembryonic antigen (CEA), insulinlike growth factor 1 (IGF-1), intercellular adhesion molecule-1 (ICAM-1), osteoprotegerin (OPG), Creactive protein (CRP), interleukin (IL), platelet-derived growth factor (PDGF)] have also been evaluated [7] , but failed to provide a reliable PDAC screening tool. Thereby, robust (sensitive and specific), cost-effective markrs are still required for early (minimally-invasive) diagnosis of PDAC that would lead to early treatment and improved PDAC patient outcome.
In the last two decades, detection of circulating tumor cells (CTC) in blood and tumor-associated genetic biomarkers in plasma has emerged as promising sensitive diagnostic approaches. Even though PDAC cells are primarily located in the pancreas and its metastatic sites, CTC can also be detected at very low frequencies in peripheral blood (PB) in at least a fraction of all PDAC patients [8] . CTC techniques have proven to be easy to perform, minimally invasive, and accurate in detecting cancer cells. However, some technical limitations of CTC detection methods still exist, particularly as regards the most informative marker for the identification of circulating PDAC cells and their subsequent isolation. Among other markers, several members of the tetraspanin family of adhesion molecules, such as tetraspanin 1 (TSPAN1) [9] and mucins (a family of high molecular weight and heavily glycosylated proteins, known to play an important role in the pathogenesis of PDAC) [10] , particularly mucin 16 (MUC16) involved in metabolic reprogramming of pancreatic cancer cells via its effects on an increased glycolysis and enhanced motility and invasiveness of PDAC tumor cells [11] , are candidate PDAC-associated protein markers. However, the utility of these markers for the detection and isolation of circulating PDAC tumor cells in blood still needs to be demonstrated. TSPAN1 has recently been demonstrated to be elevated in human primary PDAC tumor cells and cell lines, in addition to high-grade cervical intraepithelial neoplasia and advanced cervix carcinoma [12] , lung cancer [13] , colon cancer [14] , breast cancer [15] , and squamous cell carcinoma [16] . Similarly, Gutierrez et al. [17] observed increased mRNA expression of GPR137B, S100A11, sulfatase (SULF1), and periostin (POSTN) in PDAC vs. normal pancreatic tissues, but how this translates into protein expression remains to be demonstrated.
Here, we developed a PDAC-oriented approach for diagnosis and monitoring of PDAC patients, based on detection and positive selection of blood cells expressing the epithelial cell adhesion molecule (EpCAM) compared to other protein biomarkers (MUC16 and TSPAN1) that might increase the efficiency of capturing circulating PDAC tumor cells in blood.
METHODS

Patients, healthy donors, and samples
Nine consecutive PB samples from PDAC patients (67% males and 33% females; median age of 70 years, ranging from 44 to 83 years), collected from November 2019 to February 2019 at the Department of Surgery of the University Hospital of Salamanca (Salamanca, Spain), were included in this study [ Table 1 ]. In parallel, normal PB samples from five (anonymized) healthy volunteers obtained through the TNW-ECTM-donor services of the University of Twente (Enschede, The Netherlands) were also studied. In every case, PB samples were drawn by venipuncture into 10 mL CellSave collection tubes (Menarini Silicon Biosystems, Huntingdon Valley, PA) or vacutainer tubes containing EDTA as anticoagulant [Becton/ Dickinson (BD), Franklin Lakes NJ].The study (in case of patients) and blood collection (in case of healthy donors) were approved by the local ethics committees of the University Hospital of Salamanca (Salamanca, Spain) and the University of Twente (Enschede, The Netherlands), respectively, and the research complied with all applicable laws and institutional guidelines. Informed consent was given by each individual prior to entering the study, according to the Declaration of Helsinki.
Pancreatic cell lines
To evaluate antibody expression profiles, the CAPAN-1, CAPAN-2, and MIA PaCa-2 cell lines were used. Briefly, CAPAN-1 cells (median size of 16.5 μm) were obtained from the American Type Culture Collection (ATCC; Manassas, VA) and grown at 37 °C in Iscove's Modified Dulbecco's Medium (IMDM; Sigma-Aldrich, St. Louis, MO) containing 2 mM L-glutamine (G7513, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA) and 1% (v/v) penicillin/ streptomycin (Invitrogen), in a humidified atmosphere containing 5% CO 2 . Cells were passaged until they reached 70%-80% confluence, detached using 0.25% Trypsin-EDTA (1X) with Phenol Red (Gibco, Thermo Fisher Scientific, Inc.), and replated at a seeding density > 25, 000 cells/cm 2 . Culture medium was refreshed twice a week and cells counted using the Luna automated cell counting system (Logos Biosystems, Annandale, VA) by loading 12 μL of the cell suspension into the corresponding counting slide. In turn, CAPAN-2 cells (median size of 17.9 μm) were grown in RPMI 1640 medium (Lonza Group Ltd, Basel, Switzerland) containing 2 mM L-glutamine supplemented with 15% FBS and 1% (v/v) penicillin/ streptomycin under identical culture conditions as described above for CAPAN-1 cells. MIA PaCa-2 cells (median size of 16 Healthcare, Logan, UT) containing 2 mM L-glutamine supplemented with 10% FBS (v/v) and 1% (v/v) penicillin/streptomycin, and processed as previously described in this section for CAPAN-1 cells.
Selection of PDAC-associated target proteins
The following criteria based on review of the literature were used to select for candidate PDAC-associated target proteins: (1) up-regulated gene expression in PDAC vs. normal pancreatic tissues with concordant gene vs. protein expression patterns in PDAC; (2) normal pancreatic tissue-specific proteins which are not significantly downregulated in PDAC; (3) proteins expressed in the cell surface membrane; and (4) proteins expressed in both primary PDAC tumor cells and pancreatic cancer cell lines according to the Human Protein Atlas (www.proteinatlas.org). Based on the above criteria, MUC16 and TSPAN1 were selected to be evaluated as target PDAC-associated proteins [ Table 2 ].
Evaluation of MUC16, TSPAN1 and EpCAM expression on PDAC cell lines and PB cells
Briefly, 200,000 cells from each cell line or 100 µL PB were incubated with 5 µg/mL of the anti-MUC16 antibody (clone #986808 from R&D systems, McKinley Place, MN), the biotin-MUC16 antibody reagent (clone X306) (Gene Tex, Hsinchu City, Taiwan), the TSPAN1 antibody (clone #819202) (Novus Biologicals, Centennial, CO), the biotin-TSPAN1 (polyclonal) antibody reagent (Abbexa, Cambridge, UK), or 2.5 µg/mL of anti-EpCAM antibody (30 min at 37 °C). Unconjugated and biotinylated antibodies were used to allow for a brighter (i.e., amplified) and quantifiable (comparable among antibody reagents) fluorescence signal due to signal in the flow cytometer. After two washes with phosphate-buffered saline (PBS) containing 1% bovine serum albumin (BSA) (Sigma-Aldrich), stained cells were incubated with an anti-mouse IgG-phycoerythrin (PE) antibody (Sigma-Aldrich) in case of cells stained with primary unconjugated antibodies or a streptavidin-PE (Sigma-Aldrich) reagent for cells stained with the biotin reagents, for another 30 min at 37 °C. After two washes, cells were resuspended in PBS containing 1% BSA, and MUC16, TSPAN1, and EpCAM expression were measured in a FACS ARIA II flow cytometer (BD Biosciences, San Jose, CA). In the case of PB, a lysing step was performed, consisting of a stain-lyse-and-wash protocol that uses FACS Lysing solution (BD Biosciences, San Jose, CA), as described elsewhere [20] .
Spike-in of CAPAN-2 and MIA PaCa-2 cells in normal PB
Approximately 3000 cells pre-stained with 10 μM of Cell of biotin-EpCAM with or without 5 µg/mL biotin-TSPAN1. Afterward, 4 mL of Dilution Buffer (Menarini Silicon Biosystems Inc, Bologna, Italy) was added to each tube, followed by a centrifugation step for 10 min at 800 g. After removing the supernatant, 3 mL of Dilution Buffer was added and samples incubated with 40 µg/mL of streptavidin-ferrofluids (Biomagnetic Solutions, State College, PA) for 15 min at RT. The cell solution was gently mixed and placed into a quadrupole magnet for 20 min. The tumor cell-enriched fraction was gently collected by aspiration and washed in PBS/BSA 1%. Subsequently, each sample was divided into three aliquots: one was directly measured in a flow cytometer, while the second was incubated with streptavidin-PE and the third with an anti-mouse IgG-PE antibody, prior to measurement in the flow cytometer. All cell solutions were stained with 4 μg/mL of Hoechst 33342 in PBS (Life Technologies Co). The actual number of EpCAM, TSPAN1, and MUC16 protein molecules/cell was determined using QuantiBRITE beads (BD Biosciences).
Immunomagnetic CTC enrichment and filtration
Approximately 250 cells from each cell line pre-stained with 10 μM Cell Tracker Green were spiked each in 7.5 mL of PB from three healthy volunteers. Samples were then incubated for 15 min at RT with 1 µg/mL of biotin-EpCAM and 5 µg/mL biotin-TSPAN1. After this incubation, 5.5 mL of Dilution Buffer was added, and the sample centrifuged for 10 min at 800 g. Subsequently, the supernatant was removed analyzed. An identical immunomagnetic CTC-enrichment followed by filtration was also applied for detection of CTC in blood of PDAC patients (n = 9). Fluorescent images from the microsieves were captured and analyzed for identification of CTC using the ICY open-source software available from http:// icy.bioimageanalysis.org/. Operators were asked to annotate every DAPI + CK + CD45event and classify the event as a CTC when morphological features were consistent with that of a cell.
RESULTS
TSPAN1 expression on CAPAN-1, CAPAN-2 and MIA PaCa-2 cells
Overall, TSPAN1 was found to be unequivocally expressed on CAPAN-2 and MIA PaCa-2 cells when both unconjugated (87.7% and 90.8% positive cells, respectively) [ Figure 1A ] and biotinylated reagents (97.5% and 81.1% positive cells, respectively) [ Figure 1B ] were used. In contrast, CAPAN-1 cells showed low TSPAN1 expression (3.8% positive cells) compared with the other two PDAC cell lines [ Figure 1A and B]. In turn, TSPAN1 expression was absent in virtually all white blood cells (WBC) in blood of healthy adults tested with the non-biotinylated (unconjugated) TSPAN1 antibody [ Figure 2 ].
MUC16 expression on PDAC cell lines
No MUC16 expression was found on CAPAN-1, while clear MUC16 staining was observed for the great majority of CAPAN-2 cells (76% of positive cells) and a minor subset of MIA PaCa-2 cells (8.9% of positive cells) [ Figure 3A ] with the unconjugated anti-MUC16 antibody reagent, but not with the biotinylated antibody clone [ Figure 3B ]. As found for TSPAN1, MUC16 was also absent on normal blood leucocytes (stained with the non-biotinylated antibody reagent) [ Figure 4 ].
EpCAM expression on PDAC cell lines
Overall, EpCAM was found to be expressed on CAPAN-1 (90.1%) and CAPAN-2 (99.8%) cells [ Figure 5 ]. In contrast, MIA PaCa-2 cells showed no EpCAM expression with fluorescence levels similar to those of the control samples processed under the same conditions but without the anti-EpCAM antibody reagent [ Figure 5 ].
Level of expression of EpCAM, TSPAN1 and MUC16 protein molecules per cell
In line with the above findings, CAPAN-2 cells showed the highest amounts of EpCAM, TSPAN1, and MUC16 levels per cell [ Table 3 ], while MIA PaCa-2 cells showed slightly lower levels of TSPAN1 in the absence of EpCAM and MUC16 expression. In turn, CAPAN-1 cells showed the highest levels of expression for EpCAM associated with low amounts of TSPAN1 expressed per cell in the absence of MUC16 in the great majority of the cells (please see text above).
Recovery of spiked tumor cells in normal blood
To simulate the isolation of blood CTC in cancer patients, CAPAN-2 or MIA PaCa-2 cells pre-stained with either the EpCAM or the EpCAM plus the TSPAN1 antibodies were spiked at known numbers in 1 mL of PB samples aliquots from two healthy volunteers. In one healthy donor, the combination of EpCAM and TSPAN1 was associated with a better recovery of the spiked cells compared to EpCAM alone with a percentage recovery of 80% vs. 35% for CAPAN-2 cells and of 38% vs. 18% for MIA PaCa-2 cells [ Table 4 ].
In the second healthy control, simple recovery of CAPAN-2 was also good with EpCAM plus TSPAN1 staining (mean 63% ± 18%) particularly when Streptavidin-ferrofluids (75%) or Streptavidin-PE (71%) was used as secondary antibody reagents [ Table 4 ]. These preliminary results suggest that the combination of EpCAM and TSPAN1 could help increase the recovery of isolated pancreatic tumor cells from pancreatic cancer patient's blood.
Validation of the immunomagnetic CTC enrichment protocol followed by filtration
Approximately 250 CAPAN-2 cells or 250 MIA PaCa-2 were spiked in 7.5 mL of PB from three healthy donors to validate the specificity of the immunomagnetic CTC-enrichment protocol. Thus, by sequential immunomagnetic enrichment with TSPAN1 and EpCAM followed by filtration (as described above in the Methods Section), relatively high recovery rates of stained CAPAN-2 and MIA PaCa-2 cells were achieved [ Figure 6 and Table 5 ]. In line with the results described in the previous section, recovery of CAPAN-2 cells from the CTC-enriched cell fraction was high (median of 69% ± 2%) and rather stable for all three samples analyzed (range: 67%-71%) [ Figure 6 and Table 5 ]. In turn, for MIA PaCa-2 cells, the overall recovery was lower than for the CAPAN-2 cells (mean 51% ± 6%) ranging between 44% and 56% for the three samples tested. Note that recovery of CAPAN-2 and MIA PaCa-2 cells from the unbound CTC-depleted fractions was almost negligible (mean 0.1% ± 0.2% and 2.4% ± 2%, respectively) [ Figure 6 ].
CTC detection and isolation from PDAC patient's blood
CTC detection and enumeration in 7.5 mL of blood based on EpCAM plus TSPAN1 staining followed by CTC-enrichment and filtration was performed in nine PDAC patients. The criteria for a cell to be identified as a CTC were as follows: nucleated (DAPI + ) intact cells, positive for pan-cytokeratin 8, 18, and 19 (EpCAM + ), negative for CD45, and a well-defined tumor cell-like morphology. Overall, CTC were found in two (22%) of nine patients tested (Cases #2 and #6 in Table 1 ), as illustrated in Figure 7 . CD45 + EpCAM + cells were found in no patients.
DISCUSSION
PDAC remains one of the most devastating diseases because of delayed late diagnosis and high frequency of deaths due to, e.g., metastatic and invasive disease. Currently available biopsy strategies and scanning/ imaging technologies do not provide the desired sensitivity and specificity for early diagnosis of PDAC, mostly because they are time-consuming and/or invasive procedures not suitable for PDAC screening. Therefore, an urgent need exists for novel biomarkers for early diagnosis of PDAC. In recent years, detection and characterization of CTC has become feasible and of proven great clinical utility in distinct types of cancer due to the high-sensitivity reached by novel CTC detection methods, the minimally invasive nature of the blood-based procedure, and its correlation with tumor diagnosis and patient outcome. Since their discovery, CTC are identified for the expression of CK 8/18/19 and lack of CD45 expression (EpCAM + CK + CD45cells) [21] . However, CTC data in PDAC still rely to a large extent on small patient cohorts at various stages of the disease based on distinct CTC techniques. Despite this, such studies indicate that presence of CTC in blood of around one third of PDAC patients (34%) who showed (significantly) poorer survival [22, 23] . In addition, presence of CTC in PDAC has been associated with poorlydifferentiated tumors and occult metastatic disease prior to surgery [23] . A more detailed analysis of the most representative studies shows disturbing levels of variability in the frequency of CTC + PDAC patients associated with the use of distinct CTC-detection approaches including techniques based on CellSearch (Silicon Biosystems) technology and Nano Velcro assays, among other approaches. In addition, different methods (e.g., density, electric charges, and deformability) and features (e.g., size) have also been used for isolation of suspicious cells and demonstration of their CTC nature [24] . Among other cell membrane markers, EpCAM has been the most frequently used. However, although most pancreatic tumors are EpCAM positive (96%) [25] , EpCAM expression levels in PDAC cells are heterogeneous with only half of tumors showing strong expression in reasonable percentages of the tumor cells [26, 27] . Altogether, these results led us to investigate the potential value of other markers for improving CTC detection in blood of PDAC patients.
Based on prior research of the available literature, two markers, in addition to EpCAM, were studied: MUC16 and TSPAN1. Evaluation of the expression profiles for both markers on the CAPAN-1, CAPAN-2, and MIA PaCa-2 cell lines showed that TSPAN1 was strongly expressed in both CAPAN-2 and MIA PaCa-2 but not CAPAN-1 cells, while it was found to be absent in WBC. In contrast, MUC16 was not found to be present in CAPAN-1, CAPAN-2, and MIA PaCa-2 cells once tested with a biotinylated anti-MUC16 antibody reagent, while it was expressed in most CAPAN-1 and a minor fraction of MIA PaCa-2 cells when the prior antibody was replaced by a distinct (unconjugated) anti-MUC16 antibody clone. Altogether, these results suggest that TSPAN1 could be a useful biomarker for detection of CTC in PDAC patients, particularly when combined with EpCAM, while further evaluation of different antibody clones is required to identify an optimal reagent for the identification and subsequent isolation of CTC in these patients. Note that TSPAN1 has been shown to play an important role in human pancreatic cancer cell migration and invasion, through modulation of the expression of the matrix metalloproteinase 2 (MMP2) via phospholipase Cγ [18] , suggesting that silencing of TSPAN1 may be a potential therapeutic target for the treatment of PDAC [18] . Further studies in which the expression of MMP2 in isolated CTC is evaluated, in parallel to TSPAN1, are required to confirm the potential role of TSPAN1 in migration of cancer cells via blood to distinct tumor metastatic sites.
Independently of the pathogenic role of TSPAN1, here we evaluated the potential utility of combining anti-TSPAN1 and anti-EpCAM antibodies for the detection and isolation of CTC based on immunomagnetic enrichment, followed by CTC filtration. CAPAN-2 or MIA PaCa-2 cancer cells spiked at known numbers in pre-defined volumes of normal human blood showed a recovery of around two thirds and half the spiked CAPAN-2 and MIA PaCa-2 cells, respectively, both cell lines being found at very low frequencies in the depleted cell fractions. Note that the percentage of recovered spiked cells was notably higher than that observed for the same blood samples and cell lines when they were only stained with the anti-EpCAM reagent but not the anti-TSPAN1 antibody. Altogether, these results support the notion that the 
